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ARSTRACT

The putpoze of thie cffort wan to conduct a4 C-band phased
array crossed-licld amplifiet program to deliver a tube capable of
supplying | megavatt of peak pover with an average pover output of
10 kilowatts acr s 1+ %70 MHe band centered at % 6% (He  The amplifler,
vhich 1a dc operated with control electrode turn off, fa to he packaged
in a 10 inch diameter magnetically shielded picvage vith in cgral
permanent magnetas

The dealgn and development of this tube were direct]y based
upon feaults vhich vere obtalned on a progras conducted under Covtract
AF 0(e02)-3611 A particulariy signifl ant result of the progras
under that contract vwas the development of 4 new alow wave structure
for broad band forvard vave ampliffiers This newv structute, the hellx
coupled vane (KCV) clrcult has demonstrated bandvidths {n ercess of
the present requitrements Matching studies on the HCY circult have
resulted In 4 very good match over approrimately | Gz

A cathode material study was Inftlated, in vhich several
materfales vere exsmined for thelr sultability for use in the high power
dc operated ampitfier Of the several materisls eramined, an (mpregnated
tungsten matrix type produced the best reauvlits and wvas subsequently
used,

d¢ operation on a vehicle In an electromagret showed nearly
full ins antaneous bandwidth at peak power levels of TO0 to BO5 kilo-
wvatta at a pulse leagth of approximately 12 pysec. This vehicle was
subsequently operated at 5.9 CHz and generated | megavatt peak pover
and 10 kilovatts of average pover.

Fhase measurements vere performed on three vehicles i(n the

programs.
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Lo INTROWCT 10N

The putposs of thias progtam was (o conduct & C-band phased
attay ctoseed-{leld smplifict program to deliver o tubs to the speci-
fications of Lehibit “A&T of the program contract, vhich ste summarized
in Flgure | tThe tuber fe 8 brosd Sand, high peal aed average powver
output C-band suplifict, vhich (s to be dc operated vith coatzo’
electltode turn off I1n sddition, the amplifier (o to be packaged in
s 10° dismeter magnetically ehielided permancnl magnet package

The principle of & opeotation and control celecttode tutn off
vas firet demonattated at L-band on s 100 kv peak pover output tube
($FD- x9). developed undet Contract AF (7)1 It has since bheen
extended to tubes operating at UMF, 53, C-, and X-band

The dcaign and development of this tube are more ditectly
based upon the resuits vhich vere oblained on a program conducted
under Contract AT W(H02)- 411, vhete an X-band 100 kv peak pover out-
put, broad band dc operated tube was deaveloped A particularly signi-
flcant tesult of the X-band work was the development of & new elow
wave structure for brosd band forvard vave mplifiers This new struc-
ture. the helle coupled vane (HC¥) cirauit, has demonetrated bandvidths
in excess of the present 108 requirements

A cathode matetial study program was initiated, (n vhich
several materials vere esanined for their suitability for wee in the
dc upersated amplifier The wateriasl atudies vete conducted In & test
vehicle which teproduced the current density and peak pover objectives
of this progren  Tests on an impregnated tungsten matrin shoved this
cathode naterial to be capable of opetating at the megavatt peak pover
level and at several kilowatts of svetage power with etable opetation

Ratching studies on the NCV clircult have resvlted In 2 very
good natch ovet approzimately (000 MM2 Two versione of the RCY cir-
cult have been studied In cold test and are (dentified 20 Type A and
Type R cltcults. The vehicles vithatood the dc breakdown test, vhich
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tequites a4 wasrims hold off of 1 kv and a hold off of U kv for a
period of st lerst ¥ minutcs

Dc operation measutements on one vehicle In an elect romagnet
shoved nearly full instantaneous bandwidth sl peadk power levels of
700 kv to BY50 kv and avetage povers of . O kv to ;% kv #t pulsr
length of approrimately 37 psec This vehicle wae subsequently operated
at % G CMe tn an electtomagnet and gencrated | W peal powver and 10 ke
AVetage powel

The magnetic citcult employed in the (inal deslign is a
magnetically ehiclded package where there fa little ot no external
field developed, so that tubes may be stacked In close proximity to
each other or to other magnetic materiale The clrcult consfsts of
permanent magaets placed on top and bottom of the amplifier and the
citcult 1s enclosed by a soft fron return ahell.

A magnetically shielded amplificr was completed but was capadle
of only modest pover output (700 kv to 300 kv peak) Indications were
that the cathode was fmproperly positioned in the {nteraction space and
4 correction could not be made on the tube Sefore the progras funds
vete expended. The tube nevertheless verified the =agnet {c circult
design.

Phase seasurementy wvere prerformed on three vehicles in the

program These results are presented in the pecfoman e section.
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2.0 DESCRIPTION

The type of amplifier sclected for this task (s descrided as
s reentrant stream forvard wvave samplifier in a clrcular format which
utilizes & drift space between the input and output wavegulde terwminals.
The reantront electron stream leads to operation at high peak powver wvith
high efficiency, and the drift space between i(nput and outpul serves the
purpose of removing the RF (nforwation from the reentering electron
stresm. / aschematic of this device ia shown in Figure . It consistns
assentially of & cylindrical slov wave clircult surrounding a clircular
cathode

The RF drive pover is introduced throcugh & cersmic vacuum
vindow {nto ri aed vavegulde vhich couples the suergy via impedance
transformers to the slov wave circuit, As the wave travels along the
slov vave circuit, it extracts energy from & rotating electron c¢loud
vhich zoves (n synchronism vith the phase velocity of the vave on the
slow wvave circuit. The smplifier signal (s extracted in the same way
through ridged waveguide and is passed through the ocutpu: vacuum wvindow.

The slow wave clircuit used is known as & helix coupled vane
(ACV) circuit. The circuit consists of & number of sctive sections vhere
smplification takes place, and a mmber of non-propagating sections (n
a drift space vhere demndulstion or debunching of the reentrant electron
stresm tekes placa, The drift space alno provides RF i(solation betveen
the input and output terminals of the slow wave clrcult,

The coutrol electrode is mounted on the cathode assembly and
{s located in the drift spsce. The control electroc: is pulsed positive
wi'h respect to the cathode after the lnput sigmal ie removed and
collects the reentering space charge to terminal swplification.




rd

Drift space

FEFTTTE

FICURE 2 SCHEMATIC DIAGRAM OF AN S-F-D LABORATORIES
CROSSED-FIELD AMPLIVIER

B lov-vave

circult




e ———e R

8:FD laborstories, inc.

1.0 JUBE DESION

The folloving sections set forth the order of the design
procedure. Parameters such as operating voltege and current, bamiwidth,
efficiency, size and velght vere examined thecreticelly In some length
te explore tradeoffs (n the deslgn. Maviag fived the criticel dimenaions
of the (nteraction structure, a complete mechanical design layout was
ande. Tolloving this, the study of the propertics of the slov vave
circult via cold teste could begin.

1.1 The Slowv Mave Clreult
From the opecrating pacexeatere such s voltage, currvnt, pover

output, frequency, bandvidth, galn ent efficiency, o mode] wan estobilshed
for the dispersion characteriatic M ich wuld be requited "0 rosllice
such performance, Amalyses of the MLV clircult wvere pade to setablish
critical dimensions such as clivcult pltch, circult length, and cathode
diamnter, and to select the size and shape of ths helicer and vanee,
From theee srwlyses, sodels of the circuit can bs made to conflire or
covrrert the dimensions selected by means of cold teste

The cold test vork (mrolved the design and evaluaticn of tw
versions (Type A and Type B) of the WY circult. The genere! confipure-
tion of the circule, shown (n FPigure , 1s that of 2 ssries of vanss
coupled slectrically by a pair of rectangular hellices, one on each side
of the vema. Electronic interaction occurs batvwen the cathods and the
vane, The design of these clrcuita le based upon the perforwmance
obtained on tie X-band MCV circult wnder Contenct AP {6 2). ¥ 7% The
C-band clircuits have baen scnled down In frequency and up In psak pover
and vill provide the necessary amode ares for average pover dissipation,

The dispereion curves for the Type A and Type B NCY clircwite
vare sassured on limser endele, A typles! (inear maeriel of the WY
clircult used on the progran (& shoun In Flgure L. The two dispersion
curves are shown in Plgure 5. It can be assn that the Typs B circuilt
model has # "flatter” dispersion (vas aore disperaive) than the Type A
circult model, Both endels had adequate bandwidth to meet the operating
bendwidth requirements.




— Vane

Helices

FIGURZ 3 SOEMATIC OF WCV CIRCUIT

The parallel helices are used for symmatry
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Clrcular cold test models of both circults wvere then buflt to
further confirm their dispersion and interaction impedance characteristics,
A photograph of a . ircular cold test model (s shown (n Filgure ¢, The
inmput and output coupling ports cean be seen on elther sfde of the solid
drife epace portion of the clrcult. The dispersion curves vere as
predicted by the linear models. Interaction lmpedanco measurements were
mide on ,0th HCV clircuits. These measurements vere made using dielectric
perturbation of the electric (lelds. The resu'ts show that the lateraction
impedance of the Type B circult is higher than that of the Type A clrculr,
A part of this incresase {n {wpedsnce (s due to the "flatter” dispersion
curve of the Type B clircult. The Interaction lmpedance of & circuit i
{aversely proportional to /tts group velocity and the group velocity fe
given by the slope of the dispersion curve. A wore significant portion
of the incresased fmpedance is dus to the different distribution of AF
enargy on the Type B circult resulting from (ts dimenetons!l configuration.

3.2 Impedance Matching
Cold teat work was successful in establishing that the disperaion

curve of the circult modelas was correct as far as could be determined p ‘or

to the evealustion of the clircult on hot test. Since our plan vas to (mcor-
porate the Type A circuit into the firet vehicle scheduled for hot test,

the matching effort on thet circuit vas given priority. The selection of

the Type A clircult ves baced upon (ts belng less Slspersive then the Type B
circuit amd (te intersction impedance was bdelleved to be adequate for our goals

The first hot test vehicle, designated CH, wae sasemhled bafore
matching studies had been completed (n order to meke & preliminary evaly-
stion of the electronic design of the smplifie:. The clrecult match for
G2 Ls shown in Pigure 7 and shovs that the clrcult Is usable only over
the lover portion of the required opersting band. Improvewents vere sade
in the clircuit enteh folloving the construction of CJN.

The (mproved Type A clrcult motch yielded 2 return loss curve
shovn in Figure 5, The wessuresent shovs the combined reflection fros
both fmput srd cutput circult matches. Theee data shov an aversge
return loss of spproximmtely 15 db over more than 1000 Mie, This type
of match charscteriatic wvas felt to be gquite satiafactory, Thase

10
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results, coupled vith scceptable hot test results subsequent 1y obtalned
vith the Type A circult, led to the termination of matching efforts vith
the Type B circuie,

The second test vehicle, designated PN, vas bullt tecorporating
the (mproved match. The return loss results vere similar to those shown
in Figure B, {.e., an average return loss of 15 db over approximately a
1.2 Gz band. These data also shov.-mismatch costributions of both nput
ond output and Include the effects of o full length circule.

The third test vehicle, designated JISH, was buflt by an vutelde
vendor with the Intention of developing smother source for the amoder
The vendor's inexperience in this type of vork resulted in an anode that
vas mot structurally perfect. The oversll result was a match that vas
considered usadle but slightly inferior in comparison to the other
vehicles. The match {a shovn in Pigure 9. The first hot test wehicle,
CI5M, was reuiit to Lncorporste the improved match and the return loas
tesults sre shown in Pligure 10,

The final desige hot test vehicle, CISI, was bullt with (nput
snd output weveguides bent to permit thes to be enclosed by the magnetic
clrcuit. Iritial smtech results for this vehicle are shown in Pigure 11,
later mitch data obtained on the vehicle Just prior to hot test amedt
shovn in Figure 12 are poorer *han the inftisl results. We suspect that
the clircuit may have been slight!y demaged during sssembly, since mormasl
hamiling does mot produce such promounced changes {r the match.

1.1 Cathode Material Studies

A progres vas (nitiated in vhich severs! materials were
exmnined for their suitability for use In the dc cperated high pover
crossed-field smplifier. A mmber of studies hsve been wade in the
peet to exsmine materisls for their secondary emiasion properties,
Rovever, 1t (s felt thet the results ohtained are only use’al in
cataloging these materinls. Experience has shown that the reswlts
dtaioed from carefully controlled secOndary eniesion tests do not

1k
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necessarily indicate hov the material will behave in the actusl operating
envirorment of a4 crossed-field amplifier. It was felt necessary that

the materials to be fnvestigated be studied in an emvirorment vhich
duplicates the conditions expected in the {inal design, The 1inal
amplifier design must be capable of operation at high peak and high
average pover simultaneously during a relatively long pulse,

To obtain such information on cathode materials, a program
var pianned vhich utilizes a high pover backvard vave amplifier as the
test vehicle. The vehicle used was the SPD-771 C-band amplifier which
operates with a 0 usec pulse and delivers pesk povers {n excess of
I M wvith average povers in excess of 7.5 kv, The test vehicle wvas
rebuile several times #0 that the materiale fovestigated vere tested
and compared vith the least m—oer of varfables.

It should be pointed out that a cathode material that is
suitable for operation in a cathode pulsed tube {s not necessarily
usable in an RF puleed tube (vhich has a dc voltage applied), because
the latter cannot operate sstisfactorily if the cathode emits thermi-
onically. The cathode materisl suitable for use in s high power
crossed-field smplifier utilizing dc operation should {deally have the
folloving characteristics:

l. A relatively high secondary emiseion ratio (B) st low back
bombirdment energy levels for ease of starting; should be
high enough so that starting delays do not exceed two or
three electron transite around the tube:

3

the second unitly crossover of the secondary emission charec-
teristic should rccur at relatively high back bosbardment
energy levels for high pesk powver operation;

i. the surface of the secondary emitting material should de
stable and insensitive to dreakdown during electron
bosbardment

A, the thermionic emission from the cathode during the i{nter-

pulse period should be minimm even st slightly elevated
tesperature,

19
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The test procedure vas deslgned to Indicate the limite on
swmplifier operation lmposed by the cathode materisal. The procedure vae
to first evaluate the saximm current bourdary Juring high pover operation
st f4ll pulse vidth at three frequencies covering the band of operat lon,
The cathode material vas then further evalusted by operetion st high
pesk pover and lov sverage pover, vhile keeping the cathode temperature
very low. Observations have indicated that under thia type of operating
condition the cethode surface can readily be seripped of emitt ng
msterial or may be conteminated. With thorlated tungeten or barium
impregnated cathodes, the emitting material on the surface can be
replenished by operstion at elevated temperature. MHoveve:, the high
tempersture also produces thermionic emisnion which cannot be tolerated,

Me mater.al tented vas o tungsten matriy impregrated with 4
barium compound., This material (s used vhere primary emission mist be
s minfmum. The (nitial results indicated that this material was capable
of supplying the necessary cathode current st full operating conditions
vith cathode tempersture maintained st less than ¥0°C. The vehicle
ves operated st peak povers well in excess of | Mv st sversge pover
output (n excess of 5.5 Jv vith & 77 usec pulse length. The cathode
did not exhibit sny inatedilities after (t had aped during the first
half hour of operstion. The life capability test did mot indlcate any
changes {n emisoion under the moet severe opersting conditions, Past
experience had shovn that some forms of barium impregnated cathodes
feil after only one or two hours of operation under these conditions.
The tests vere sufficiently (nformstive to suggest the use of this
meterial in the first hot test vehicle. A continuation of evaluations
in the SFD-231 vae therefore felt to be of limited value. The cathode
ssterisl studies wuld, of course, be resumsd (f tests on the nrogras’s
dc opersted smplifiers (ndicated any serious cathode deflelencies,
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.o Cooling

Three clemcnts of the amplifier require cooling: the anode
(alow wave circult), the cathode, and the output cersmic vindow, The
apode and output vindov can be cooled in a relatively straightforvard
manser. The cathode, vhich operates at high voltage, requires additional
conslderation in ite cooling because the cooling spocification requires
that the coolant be al ground ocotential and that there be one i{nput and
ope oulput coolant comnection. Th's i» accomplished by using » high
resistivity coolant and a closed love recirculating system with a heat
eschangsr, The input and output coolant connections are at ground
potential

The input wvater entere the package at ground potential and
goes to the output wvindov, The water leaves the ocutput window and (s
connected Lo the cathode through Lnsulated tubing long emough to provide
ineulastion from the cathode potential vith o minimm of leskage current
through the tubing and the column ol coolant. The coolant then comes
in direct contact vith the control electrode sand cathode to provide for
efficient heat teanefer and grester thermal capabilities., The coolant
leaver the cathode sssembly through another insulated tubing, similsr
to that entering the cathode, snd enters the ampade block, The coolant,
mv at grourd potential, lesves the annde block and emerges from the
package,

A flov tate of .5 gel/min at 35 psi pressure drop wes
adequate for the saplificr and held the bulk temperasture rise of the
coolant to approsimately W°'C st the O kv sverage pover output level,

1.9 pagmstic Circwit

The progras tequites that the tubr delivered be peckaged (n
s 7 pasime dismeter shielded structure, The basic package design is
shovn in Filgure 13,

The magnetls uaed in this type of configuration are cylindrical
and sbut the smplifier body (tsslf on each side. The return path for
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the flus le provided by meane of o ecft Iron shell vhich surroumis the
entire sssembly. The design of the magnet am) shielding shell ls such
that leakages flun adjacent to the shielding shell i» small enough to
permit amplifliers to be operated adjacent to each other vithout causing
mitusl (nterference.

To evaluate various magnet ic geomstricsas, » magnetic cold
tester vas designed, The magnetic marerial planned for the package I»
Alnlco V=7, Thie magnstic msterial wae choeen as one vhich hase sufficient
coercive fovce and flus density capability to drive the alr pap required
vhiles at the ssme tims vill be gquite readily avallable fros more than
one eupplisr,

The firet test structure resulted In & package vhich var 7
in diameter and approsimately 1”7 long, and (e ehowm in Flgute 1k, The
particular mmgnets chosen were asdequate to provide the required flux
density In the gap, but ot the sams time vere not adequate to supply
the leakage flus to the shielding shell vhich resulted from the geometry
chosen, This leabsge flus cauvsed the mugnet saterial to work at & higher
flux density than anticipeted and resulted in o lower coercive force
with vihich to drive the gap. Thie, In turn, resulted (n o lover mag et
field (n the gap than vas required,

After extensive effort to raise the fleld level in the gap
vas mt successful, the only alternative laft was o loarger dismster
shell, 1.0., 8 177 cuter diameter shell, In order to refuce the ssount
of leskage flux amd permit the msagrats to operate vith s higher coercive
force .

The larger dissmter shell was evalusted ard the reguired {leld
vas obtaimed, The magnetic fleld (n the gep 1o LI gause to LYY gauss,
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t.0 Fhase Hessurements

The phase messurements wvere wade uelng 2 muill detection method
thovn schematicslly In Figure 15, The measuremesnt begins by balanming
the phase bridge (adjusting It for a mull) using the precieslon attemsator
(H) and the phane shifter (C). The mull ie observed on an osci!loscops
vilch displays detected power output of the bridge a9 s function of time
for the pulee length of Interest. Thie (nitial balance Lo obtalned with
the amplificr operating under s preecribed set of conditions., The
mcasurement proceeds by tuning the tue (changing the &Y drive frequency)
across the operating band v 2 sufflclient mamber of frequency |ncremsnts
to Insure the desire’ accurecy. The amount of phase shift for sach
Increment le read directly from the phase shifter after sach oaull |
obtained. The precision attemsstors vhich are set (nitially to balance
the "T” need eot be changed after the (nitial setting elnces the small
smplitude variat lone observed cver the band do nmot upeet the accurscy
of the measurraunt

The componente of the phase bridge are corefully selected
fthat 1s, high directivity directional couplers, low VEMR attemuators,
etc.) to reduce the possiblility of other measurement cerors,

Norwally, the deviation from linesrity (s obtained by plotting
the measured vhase versus frequenty characterisatic, by draving the best
atralght line through the pointe, amd by obeerving the peak devistions
vhich occur, The use of & atrnight line 29 & reference from which to
observe the deviastiona (e valld for only certaln comditions, Because
of the seacuring systes used here and the relatively large bonduideh
over vhich the seasurenent (2 sade, an allovence emet be mede for
curvasture in the dlspereion characteristice of the vavegulde.

Curvature dus to the Jispereion chearacteriastic of the
vavegulde can be svoided by Inserting equal lengths of wavegulde in
both arms of the bridge. To d0 #0 would result In & very high rete of
change of phese versus frequency in the output of the bridge because
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the elecrrical length of the amplifier under test makes one of the bridge
srms much linger than “he other. This was felt to be a prodlem since
frequency (ncrements would have to be chosen such that the increments)
phase shift vould be less than 1RO to avoid ambiguity in the phase
shifter readout. In addition, the total vartation in phase veading from
one end of the ban! te the other would amount to approxim.tely 600" and
this would prevent a straightforvard display of data. One could, of
course, subtract & straight line function from the measured results "o
compensate for this. The method chosen (s described ! elow,

A length of waveguide is added to the (nput arw of the bridge
such thet (te length and dispersion vill create fur the input arm
spproximately tha sema rete of change of phase with freque: - as the
smplifier, vith its electricsl length and dispersioa, would prosuce {n
the cutput erm of the bridge. Thia leads to our having unequs! amounts
of waveguide in the srws of the bridge. 1If one assumed that the
smplifier on tesl were parfectly linear, the outpu’ of the bridge arreanged
in this vay would not be o straight lime, but wruld have curvature csused
by the veveguide dispersion charscteristic. The pesk deviation of this
cutved standard has been calculated to be approximate!; €' from a
straight liowe.

Additioma| contribution to curveture ves previocusly encountered.
It was cauvsed by the use of some veveguide components in one srwm of the
bridge (precision sttemuators and phase shifter) mede with smaller sfs:d
wevaguide wvhich ie more dispersive {n the frequency region In which (t
vae being used than norws| C-band veveguide. This vas subsequently
corrected by adding equal lengths of the same cype of weveguide to the
other bridge srm. Ve feel the only contributor to curveture nov (s the
difference In length of C-band wvaveguide in esch orm.

The mmasured dets ore then compered vith the curved standerd
of the bridge. The results plotted ss devistions from the limesrity
ste shown for three vehicles (n Figures 16, 17, and 18. Both operating
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and non-opereting phase dats are showm in the figures.
The data veveal 8 distinct periodicity. The periodicity could

srise from three possible sources {n the amplifier:
(1) wmusltiple reflections caused by clrcult sismatches;

(2) electronic feedback frow output to (nput through the drift
reglon, or

(1) RP feedback from output to {oput becsuse of RF circuft
coupling through the drife rpace,

Multiple reflections from circult mismstches vould produce a
periodicity in the measured data corresponding vith the frequency intervs!
required to change the electrical length of the ampliffer by 180° .
Electronic feedback and RY feedback would produce the periodicity
corresponding vith the frequency {ntervsl required to change the
electrical length of the tudbe by %0°. Circult mismatch effects,
therafore, would produce tvice the mmber of ripples over the frequency
bar! as would electronic ur RY feodback. The periodicity messured
corresponds wvith either electronic or RY feeddack. Some fine etructure
sppears on these dats vhich ve believe (s related to circuit miematch
effects,

The ripple {n the dats s belleved to be R¥ feedback and not
electroalc feadback from the folloving argument: the peviodicity (s firat
of all observed on & mon-cpersting tube, 1If, from these dats, one
calculsted the circuls insertion loss of the drif: space, one con
predict the effects of RFY feeddack (n an operating tube sccording to ite
level of gain. Such s coalculation vas sede an a subsequent experiment
confirmed that the smplitude of the ripple observed vas & function of
the gain st wvhiich the amplifier operated and that there was s ressonabdle
sgreement betwnen predicted and messured levels. Ve vould have expected,
{f both RY and electronic feedbsck were pressnt, to be sble to sweecount
in this vay for only a portion of the samplitude of the ripple. Our
calculations nov account for nesrly 11 of the ssplitude of the ripple,
and wve therefore believe the effect to be om of RP feadback,

i
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The prediction of RF feedback effects Is shown in Figure 19,
If we add to a vector representing the RF Input voltage to the amplifier
another vector representing R¥ feedback, ve can construct a vector
diagram as shown in the figure., The swplitude of the added vectecr 1s
s function of X, the gain of the amplifier, and 3, the Lsolation or
sttenuation of the drift section from output to Inmput. For fixed gpaln
4nd {solation, the phase of the added vector with respect to the KF
input voltage will change continuously vith frequency so that the added
vector will appear to rotate about the tip of the R¥ voltage vector,
The maximm phase deviation produced can be obtained directly as

@ =sintar

If ve sssume that the ripple (s caused by RF feedback, we obtain & and
X from messuremnts on a non-opersting amplifier (in which there cannot
be electronic feedback effects) and calculate g. By then sssaigning to
K values vhich (1t will have during operstion, ve can predict vhat the
effect should be in an opersting smplifiar (K for & mon-opearatiog
twmplifier L. the tnsertion loss of the amplifier),

The devistions messured un the vehicles sgreed closely with
this theory. Ac s result of our megsurements, It appesrs clear that
further effort s required to incresse the circuit fsolation between
output and {mput through the drift space. This may be done by phystically
a.tering the match sections to the amplifier to reduce thelr coupling to
the drift regiun and/or by Introducing additional loss in the drife
saction,
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L0 PERFORMANCE

The first S¥D-277 vehicles to undergo hot test wvere made with
& wmechanical deaign which, with one exception, permits it to be used
directly (n the shielded permanent magnet sssembly, The one exception
is that the input and output waveguides vere left emerging radially
from the tube, vhereas (n the final package design the wvaveguides wvere
bent slong the cathode axis tc emarge axislly from the package,

Test procedurea for the S¥D-277 were developed and are described
{n Appendix 1.

The first test vehicle utilized a Type A slov wave circuit,
Both amode end cathode assembliea vere liquid cooled, as vas the output
ceremic vindov, N0 control electrode was employed since only pulse
wodulated teats vere plenned for this vehicle, Teets conducted on the
firet vehicls used s line type pulaed modulator.

The tests on the first vehicle, designated COSH, shoved that
the tudbe drev currant st a lov voltage, This voltage vas too low for
the magnetic fleld intensity uaed, and it wvas found to be caused by
operstion in s bam! edge cacillation., Efforts to obtsin signal swpli-
ficstion were not ucceasful beaceuse of the band edge ocscillation and
oo other RF duty could be obdtained,

The tube was redullt and designated COSH-1. A charge in the
snd hat geometry wvas made (n an sttempt to combat the band edge oscil-
lation, Mo eignal smplificstion could be obtained because of the band
sdge oscillation vhich vas present, but the moticadle nffect of the
change vas that the smplifier wvould operste to higher peak current
levels in the band edge before arcing out,

The smplifier vas redullt again and vaa designated GoSH-2
The design ves wdified to change the drift spece geomatry on the cathode
subsasembly in the ares vhich would later be occupied by the control
electrode {(n the design. For the first time {t wvas pcssible to observe
signal saplification, but all dats vhich could be obtained showed the
output etill te de hesvily contaminated by band edyge interference.

3
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The amplifier vas rebullt and denignated COSH-1. The design
vas modifled once more and the smode-cathode tpacing vas (ncreased by
10%. This design change, coupled with the two others which had previously
been made, had s significant effect on RY performance. Por the first
tims, clean RF smplification vas observed. The performence of this
vehicle is shovn in FPilgure 20, Amplification wvas obtained over approxi -
mately a 300 Mz band vith constant applied pulse voltage of spproximately
20 kv. Peak output powver levels ranged from approximately 900 kv to
1.35 v, Efficlenctles renged from mid-kOf to upper 50%. Operation st
frequencies higher than 5.6 Gtz was not poasible because of the onset
of band edge contamination which resulted from the (n-band mismatches
in the tube (aee Pigure B). Data vere obteined ot o pulse length of
18 Lisec and, (n order to eliminate possible sverage pover prodlems at
this early stage, at o duty factor of 0.0004S ,

Tube C25H-3 developed o high (nternal gas pressure vhich vas
found not to be & leak, The tube ves openad and It was confirmed that
there vas no leak; (t was slso examinad and no physicel demage ves found,
The tube vas resesled and pumped as C25U-k. Before proceeding vith &Y
operating tests, the vehicle wver used to establish the dec hold off
properties of the structure being used. The vehicle with full magnetic
fleld and no RY drive pover applied withstood voltages as high as 35 kv,
After reaching that point, the tube was held in o non-operating coadition
at 312 kv for 30 minutes without ercing. This test was considered sdequate
to permit the present design to be used for the first control electrode
test vehicle.

Tube G2SU-h wes put on AP test sgain and datas vhich were
obtained confirmed the previously obtained data for tube CZ5M-3. MRigh
internal gas pressure, hovever, sgain developed and vhen the tube was
opened for (nspection, a cracked ceramic 3upport wvas found on the
cathode subsssembly vhich Indiceted overheating,

The second test veilcle was alreeady under comstruction, This
vehicle incorpoiated a control electrode. It had o Type A alov vave

35
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circult Incorporating the match shown ta Figure 3, The secom! test
vehicle wvas originally to have the same type of cathode and the same
cathode geomelry as wvas used in tubes GP5H-1 and C9H-L, but the evidence
of the therwal inadequacies of thet doaign and cortain problems assocl-
ated with the fabrication of the subsscembly dictated a changs in ths
cathody design,

Several cathode asvembly design changes vere carried oat,
These had (o do mainly vith the therwma: capability of the atructure.

The control electrode portion of the subassenbly has been desigmed oo
that it vill fumction more reliably both electrizally ard mechanically,
Inproved coclant contact wvith both the cathcde and the control slectrode
vill account for moet of the therm!| capability (ncresse of the amv
cathode design.

The origieal cathode asoenbly design vas prodicated on »
desizable but mt mandatory condition that cathode coolant doss ot
contact sny portion of the sssembly ot highk potential. This resuited
in a cathode design vhich relied upon the confuction of cathode dlesi-
pation pover to the coolsat through an ineulating cersmic. Thia proved
to by an undesirable and unnecessary complication. Ths srplifier, vhen
contained in the system, vill use & covlant vhich h.s & sufticlently
high resiastivity »0 that the pachaged smplifier can be built as required
vith caly tve coviant conmections, both of vhieh vill be st ground
potential. The nev cathode design therefore (o such that the coolant
fe I8 contact vith high potential intsrmslly but provielon vae snde
in the pachage deelign to Imorporete the pecetsary insulating covlant
column (atermal to the package,

The secomd test vehicle, [0, vas initislly oporeted on the
pulsed teat set. The cethode and control electrode vers conmsctled
extermally, The tub: operated st pesk power levels of 79 kv to X v
at & duty cycle of 0. 001, It was observed that the end hats vere vieibly
hot, The vebicie vas transferted to the dc test set, but me satlsflactory
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taformstion was obtained, It was decided to rebulld the tubs vith
taproved end hat cooling. This wae sccomplished by lo're.eing the
coutact ares between ond hats and cathode shank | .o, 'wuring the
therms | impedance. The tube vas rebullt ss TUM-1. Operation of the
tube was still ent setisfacteory, o though soms luprovemsat vae ohserved
tn omi hat cooling. The leproved cooling ellowed tested at o duly
€)..4 of 0,00V batore the end hats becems vieibly hot. The lov pover
consitions of 200 ¥+ to X0 kv obtalmed were duse o o peak cwrrest limit
of sppreaimately !5 smpe, ebove vhich the mplifisr wuld mt operete

The information obteimed from 11LM-1 wae weed (n the deeige
of the th.rd test vehicle, designated JYIM. Vith o further leprovessat
tn the end hat cooling by lacreasing the emd hat to cathode shask contact
svea sgain, and o change in the intermal geowmiry (o provide & mrre
walforn asgeatic fleld, the vehicle was dc operated to posk pover levels
of MOO ¥w te 900 ¥w scross the Lant with o sioimas of L7§ officlency.
The 4ot are shows (s Figure 1. The aversge pover cutlpet wes approni-
wately 2.5 by with o pulse length of J7 nsec. Thase dots vere also teken
on the vshilcle snd are presented is FPigure 20, The phase date ylelded
s dovistion frem limearity vhich wes waespsctedly large. This (e
sxploiond (a the secticn on phase measuraments.

Purthar testing ot the wpper end of the bend produced as snch
o0 T5) kv of pesk power on dc with on eversge power output of .5 W,

At this sversge powst level, m signiflcant gae pressure or sed hat
tempecatury veas soted. The further isproved end hat cooling mov ssems
te o0 odequats, At this time, ths emergy storegs copacitors broks
downm eml furthar teating hed to swalt repeir,

Ve recelived & request from BADC for wnre detailed information
conceruing phase dats, setwrstien effects, amt contrel electrede
charecteristics on the SFD-777 to be submitted by | Decomber 1994, Twe
vehicles wore duilt La the short time ollotted. There vere i DAY

15m-2,
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Tube L. H=7 wae the firet vehicle tested, 1t wves opereted
on the dc test set and peak powvers of X0 v to % kv ot e duly cycle
ef ,0F " were obtaimed. This corresponds (o an svereage pover of .0 ke

€

to . .5 kv, the pulae length ves 1.°% Leec.

At these pover levels, the phase seneitivity (o voltage vas
measured sex! Is ehown In Figurs 1, The senaitivity 1o frequency
deperdent, but le leas than 1.5 for a 1§ change In voltage at sny
frequency

An sttempt wves made to test the vehicle ot higher psak pover
levels and operstion wvae found to be unsatisfactory. It was felt that
the vehicle may have sulfered Internal domage am! wae subsequently
opened, LUpon opsning, It wes observed thet the cathode was not centered
and the amdde had besn slightly Jdamaged,

Due to the time allotted to obtain the Informeiion requasted
by RADC, it was decided mot to make any sores changes to further develop
the vehicle, but to return to the design of the wost successful attempt
to date, namely Ji5M. From the previous information obtsained on JiSH,
ve decided t) redbuild 1N to resemble JISH, The rebullt 17H wves then
similar to Ji5H (n all respects except for s minor change in the control
electrode geometry. The results obtained were presented at the progrea
reviev seeting of | Decesber |/ <,

The vehicle wvas dc operated across wost of the required band
at peak powver 'evels of 700 kv to 850 kv at a duty cycle of 0,003,
Because of the time allotted and the mmber of vehicles on hand, {t was
decided to limit the duty cycle to an area (n wvhich (t vas felt the
tube had no chance of being ‘amiged. The results are shovn in Figure %,
Saturation cuives for the vehicle are shown in Figure 75, Thn line
jolcing the curves at the 15 kv to 70 kv level indicetes the minimum
drive level that should be used to avoid a high level of spuriocus output.

The control electrode V-1 charscteristics are shown in Figure
26 for two levels of peak cpersting cutrent. These V-1 charactaristics

are calculated from the messured values by subtracting the component of

lal
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currenl vhich charges the Interelectrods capacitance from the total
mposured current. This current (s subtrected becauee (T varies wvith
the rete of riee of applied control electrods voltsge, vhile the turn
off current le independent of the rete of -lae of voltage and the tube
opersting ~urrent. The deta indicate that 8. 1 bv peak voltege st 11.7
swpe peak current ere required to turn off the smplifier.

On 8 December 1966, JISH-1 was cowpleted and tested. Inltial
operstion ylalie! power outputs (n the order of B0 kv and operating
currenta in the crdar of BO smps. MHowvever, at these levels o tube arc
coused lumediets dagredation of performance and the tube had to be
re-aged. Aftsr » mmber of such arce (t became sore and wore difficult
to meintein the higher pover levels.

Bssed on the performance and subsequent degradetion of JISH-1,
it vee decided to meke o thorough check of the dc pover supply clrcultry
Since the foflure of JI%H-1 ves apperently catastrophic, it wes felt
thet the feult enargy diverter might not be opereting properly. An
analysie of the circult did indeed shov that even though the "crow bar"
operk gap could be heard to fire, it ves not diverting the stored enargy.
It had been necesssry to sdd eddltionmml cepacity to the aretgy storage
system cxternal to the dc powver supply to reduce the pulse voltege droop.
Due to the perticular wey in vhich this extre cepecity had been added,
{t was determined thet the smplifier fau't (mpedance ves much lover than
thet of the crov bar circuit ss seen by the extre cspecitence. The net
result vee that se much as 1000 Joules of onergy vere disaipated in the
test vehicle during an src which could cause the catestrophic fellures
observed.

It wee Yot that this condition s~t be corrected before
sttempting to opereln tube 137M-7 Consideredle effort went Into
resrranging the pover supplies end circultry to (nsure proper crov bsr
sction. The circult ves tosted by using en extevnal spark gop es &
foult to teet the effectivencss of the crov ber.
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Previoucly, a tube would disslpate oo much ss 1000 joules of
energy during an arc, vhereas nov (t would see less than | joule. The
effort expended to obtain this operation has been vorthvhile s shown
by the results obtatincd on tube J1LM-1, At no time did the tube show
degradation after an arc as had previouily happened,

This tube hae been Opereated at peak power output levelre of
| v and higher at pulse lengths of 27 ysec across & 750 MMz band;

{.e., from .05 CHe to 5.3 Gl the sversge pover lovels achiaved
simyltansously renged from 5.0 kv to 5.5 kv, The sverage efflicliency
observed vas 5%, At the upper end of the bamd, the tube gersrated

1.7 ¥ of peak pover and £.0 kw of sverasge pover output at an efficlency
of 51.9.

The tube has also been operated st 6O kv to X¥) kv peak power
output scross the 5.48 GHz to .90 GHz band at an sversge pover output
of 1.0 kv to 4,5 kv with efficlenclies of k5% to SO%, and across
5.6 CMz to 5.9 CHlz band with peak power levels of B30 kv to 1100 kv and
an averzge pover level of L L kv to 5.5 kv. This (¢ showm (n Figure 27.
The pulse lergth wvas 23,5 usec and efficlency waa (n excess of L5%,

For this pover level at frequencies below 5.6 GHz, the tube srced after
the control electrode extinguished the pulse. Upon (ovestigstion (t

veas discovered that the magnetron driver ves generating powver st
frequencies other than the main signal. There (requenclies are sttributed
to the slowly rising ard falling charscteristic of the msgnetron voltapge
pulse, These wodes of Operation occur st lover volteges and hance appesr
before and after the main signal, At frequencies belov 5.6 GHz, these
spurious outputs were se long or longer than the control electroce pulse
snd caused the samplifier to restart sand to operate contimwouely, vhich
inftiated the arcing. Filters were added to the vaveguide aystem to
prevent these spurious outputs from resching the amplifier fnput,

At the € kv sversge pover leve! and with the tube opersting
voltage of approximately 25 “wv, the interim dc powver supply wvas ot (ts
upper limit.

L7



Poah pover cutpat - kv

Conszant voltage = 2%.0 kv

1200 Hunbevs nest pover curve are efficlencles in percent

Peak current

200 i)
0 , — ——
5.4 5.5 5.6 5.7 5.8 5.9

fregquency - Glla

FIGURE 27 TFERFORMANCE OF TUBE !3i0H-3

Peak current - supe



S§:F:D laborotories, inc.

Vith the nev dc pover supp's Installed snd evelusted, tube
1:%-1 was sgaln operated. The tube opsrated st o peak pover level of
| Wv and an average pover leve! of 10 kv, The pulse jength vas i
usec and the efficlency vas In excees of L5958, Bafore bandvidth date
could be tasken, tine tube undervent & sudden change and could mt be
opersted above s peak power level of W0 kv, Tt was decided tOo Opan
the tube. Upon lmvestigation {t was noted thet the cothode had worved
off center. The effect vas mot related to the pover level of operation.
The clrcult had pot been damaged snd (¢t wvae decided to rebuild the tubs
vith the cathode hald mors firmly In placs.

WVhile 1770 was being levestigeted, tube JI5H-7 was placed On
hot test. The tube had been operated at pesk powver levels of only
Y kv to XY kv vhen a high background pressure vas noted., The
Vacio® pusp operation vas suspected and (U was declided to replace the
pawp snd to rebake the tube., While the tube vas on the exhausg stacion
ond at a temperature of LOJ°U, the tube developed a leak. The lesk vae
discoversd in the cathode assemdly. The circuit vas not demmged snd it
was deciced to rebulld the tube vith & nev cathode.

Tube Bo. 13-4 was delivered to hot test. While on hot test
only & short vhils the tube developed & leak. The tube was opensd asad
since the clircuit had not been damsged, the tube wvas tedbullt., The
rebullding conaisted of replacing and modifying » weshsr of the {nput
assembly vhich had veakened., The resainder of the assemdly seemad tight
and required no edditional vork, After the tube wvas baked, it vas
returnad to the hot test sres vhere the background pressure seemed
abpormally high. The tube wes lesk checked end o small leak was
discovered in » ceramic-to-matal sesl {n the input sssembly. In order
to evaluate the tube without losing further time in redbullding, the
leak was sealed with glyptol and the tube was rebaked. The tube vas
returned to HMit test vhere after & short time the lesk resppesred.

Tube JI5H-1 was nov svailable and it ves decided to evaluste
this tube rather than to continue working vith I12M-5. The tube vas

&9
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aged ond etablilined at & peed pover cutput of 1D kv to X kv, slthough
as mch se 00D kv te 5 bw vere mied during initisl aginmg. Turther
aging falled te bring the tube to & higher lavel 1t was decidrd to
pochage the tube with psrwscent wignets (0 CONGATe PaTmANANt wagmet
oparetion vith slectrommgmat cperation. Resulte shoved thet there vae
sulficiont magret flald for operstion,

The flosl design tube, CISI, vae mov resdy for test. The
tube ves oaged ond stadilleed (o the 00 kv to X0 kv pesk pover output
leve! and eshibited properties similar to J¥5H-1, The limited operstion
prompted en iovestigation late the possible differences betvesn these
perticular tubes end tubs 13N-) vhich generated | Mv pesk pover output
st full duty. The levestigstion shoves that the cethode-amde “oncen-
tricity vane oo wmuch ae 10§ different. It wves declded to try to place
the cathode In & poeicion similar to that of IXM-1) by spplying an
externsl force to the cothode, This wen first sttempt on JUM-1, vhich
waes the leset digsimtilar to 1378-3. The tubs mt only realized the
MOO kw to 500 kw previously moted during the sging process, but
spprosched the €00 kv level.

Vith thie success in mind 1t ves decided to perfore the
operstioy on GISI, Although lmprovement vee moted, [t was Ot 4e
significent ae that noted with JISH-3. This was due to the fect that
GISI wes more Jlosimiler to 137M-7,0nd with the limited movement
svailable, further isprovemmnt could not be obtsined,

¢ Tt ves desidad to package the tudbe vith permmnent magnets to
prove the packsging techniques. The tube s now opersting In the finsl
pockage st levels almiler to thet prior to packeging.

The dots are shown in Table | ond grephicelly in FPigure 28,
Photographe shoving the shielded pockage vith exterms| connmections and
the laternal structure with megneticing coils (n plece are showvn (n
Figures 29 snd 0.
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FEAFORMANCE DATA FOR SI'D-237 IN WAGMETICALLY SHIELDED PACKAGE

Serfal Mo. CIS1

Operating Conditions:

AY iaput power = 19 kw

Pulee length = 21 usec
Duty cycle = 0.006

Control voltage = -8 kv
Coolant flov = 2 gpm

Ancds voltage 21 kv 22.3 kv
Frequency Qurrent Powu: output | Qurrent Pover w:im;-

CMa smps kv amps v —
5.37% 19.2 180 2.4 217
. 00 19.0 10 T\ 217
5.5 19.3 153 8.4 233
5 .A%0 0.5 170 .0 2%
5.6TS 21.% 180 1) an
5. 500 22.2 186 3.8 F4ai
5.52% 22.0 190 3.0 n
5.9% 2.2 93 29.% 270
5.979 2.9 200 .5 210
5. 600 2.5 196 3.3 73
5.62% 2.2 200 .0 270
5.650 2.9 200 29.2 n
5.61% 23.3 203 3.0 3be
5.T00 2.9 183 29.5 250
5.7T2% 23.e 190

5. 750 .2 206

5.TT 2.3 190

5.8&90 22.9 133

5.82% 2.9 210

5.8%0 23.3 200

5.87% 23.9 200

5 .00 23.3 00

5. %S 21.3 15

5.950 22.2 19

5.975 2.0 183

o e
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FIGURE 29

PHOTOGRAPH OF MAGNETICALLY SHIELDED PACKAGE,
INTERNAL VIEW
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FIGURE 30

PHOTOGRAPH OF TUBE G151, MAGNETICALLY
SHIELDED PACKAGE
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5.0 CONCLUSIONS

The tube developed during this program is a pulsed crossed-
field amplifier which operates from a dc voltage supply through cold
cathode operation with RF turn on and control electrode turn off. The
amplifier operation has been demonstrated at peak power output levels
of 1 Mw and higher at pulse lengths of 23.usec across a 250 MHz band
from 5.65 GHz to 5.9 GHz. The average power achieved simul taneously
ranged from 5.0 kw to 5.5 kw. The average efficiency observed was 50%
and the operating voltage was approximately 25 kv. At the upper end of
the band, the amplifier was operated at 1 Mw peak power and 10 kw of
average power. The amplifier was also demonstrated with a 600 kw to
900 kw peak power output across 5.48 GHz to 5.9 GHz.

The phase performance of the amplifier was also demonstrated
to have the following characteristics: phase sensitivity to voltage was
approximately 1° per 1% change in voltage across most of the band;
phase sensitivity to RF drive power varied from approrimately 6° per
1 db change at the low frequency end of the band to less than 1° per
1 db change at the high end of the band. The phase deviation from
linearity was demonstrated to be approximately 20° peak to peak with
the tube operating at the T0O kw to 850 kw level with the RF input at
50 kw. The deviation from linearity was found to be periodic and
related to a feedback mechanism in the tube. The cold, that {s non-
operating phase deviation was found to be approximately 10° peak to
peak with the same periodicity as in the operating amplifier. It was
therefore concluded that the feedback results from insufficient decoupling
of the RF power between the input and output sections of the slow wave
circuits.

In general, most of the target specifications have been
achieved and demonstrated but not necessarily at the same time.

A magnetically shielded packaged amplifier with integral

magnets was constructed and delivered. The package has a 10 inch

25
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diameter and is 32 inches long. The input and output waveguides are
arranged parallel to the avis of the amplifier and are located at the
ends of the package. The coolant input and output and the high voltage
connections are located on the input end of the package.

The performance of the packaged amplifier fell short of the
target specifications. Operation was limited to 200 kw to 300 kw peak
power output at reduced voltage. The reduced performance was due to a
severe anode-cathode eccentricity which could not be corrected with the

remaining funds and time.
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6.0 RECOMMENDATIONS

The SFD-237, in its present state, very nearly meets the
minimum specifications. However, it appears to be quite possible to
extend the operation to meet the full target specifications of 1 Mw
peak power output across the full 500 MHz band. 1In oider to accomplish

this, it would be necessary to alter the dispersion characteristics so

that the tube wou.d operate at a higher range of phase shift per section,

To alter the phase shift range, a slight adjustment of the anode slow
wave circuit will be necessary. No further major change is deemed
necessary since the vehicles have demonstrated their average power
capability.

A very interesting area of future study is the possibility of

introducing "self-turn off"; that is, to have the amplifier cease
current conduction when the RF drive power is removed. Removal or
reduction of the control electrode turn off would considerably simplify
modulator requirements,

A third area of study should be experiments to determine the
operating life of this type of vehicle at high peak and average powers
with relatively high peak and average cathode current. Very little is
known of the operating life of cathode materials in this operating

.ange.
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APPENDIX

TEST PROCEDURE
SFD-23T7
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1.0 PURPOSE AND SCOPE

The purpose of this document is to specify the test procedures
to be used in demonstrating the conformance of the SFD-237 to the speci-
fications of Exhibit "A" (as modified) of Contract AF 30(602)-4082.

The specifications are included.

29
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2.0 STANDBY MECHANICAL TEST

The static water pressure test shall be performed on the
coolant chambers by applying water at 45 spig minimum. No leaks shall
occur in the coolant chamber fittings. The time of the test shall be

2t least one (1) minute.
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3.0 OPERATIONAL TESTS

3.1 Pre-test Conditions

The following conditions shall be set before starting the

test.
3.1.1 The coolant flow rate shall be set at 2.5 £ 0.1 gpm.

3.1.2 The calorimeter flow rate shall be roted and recorded on the
Acceptance Test Data Sheet (ATDS).

3.1.3 The calorimeter thermometer readings shall be noted for the
initial At after a sufficient time has elapsed to allow for
thermal equilibrium. The initial At shall be recorded on
the ATDS.

3.2 Test Conditions (Minimum Acceptance Conditions)

3.2.1 The RF pulse length shall be set at 19-21 psec measured at the
3 db points on the RF pulse envelope. The repetition frequency
shall be set for a maximum duty cycle of 0.0l.

3.2.2 The RF input power shall be set to 70 kw _peak maximum at the
input to the crossed-field amplifier (CFA) at all test fre-
quencies. The RF input power shall be monitored by suitable
means to insure proper drive power at all test frequencies.

3.2.3 The control electrode voltage pulse shall be set at 8.3 kv
maximum. The pulse shall be positioned so that it begins at
the point where the RF input pulse power drops approximately
1 db below the average peak value. The control voltage shall
be maintained until the RF drive power is completely removed.

3.2.4 With the drive turned off and with the control electrode voltage
properly adjusted for time sequence as described above, the dc
power supply shall be turned on and set to the specified operating
voltage (-25 kv maximum). The RF drive can now be applied.

This procedure shall be followed each time the dc voltage is
removed from the tube.

2.3 Power Output

With the control electrode voltage properly applied and with
the dc voltage set at the specified value, the power output shall be
measured as dercribed in Section 4.2. The RF input power at the CFA
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input shall not exceed TO kw and shall be adjusted at each test fre-
quency. The power output shall be .easured at 0.0l GHz increments
from 5.4 GHz to 5.9 GHz.

The dc voltage setting shall remain fixed at the specified
value throughout the test and this voltage shall not exceed -25 kv.
The average current shall not be more than 0.700 amps for the 0.0l duty
cycle. The average output power shall not be less than 7 kw nor more
than 11.1 kw at any test frequency in the band. Each measurement of

voltage, current, and power output shall be recorded on the ATDS.

3.4 Efficiency

The efficiency shall be calculated on an average power basis
from the results obtained in Section 3.3. The efficiency is defined
as the ratio of RF power output to the product of the average current
and the dc voltage. The minimum efficiency at any test frequency shall
be 40%. The average efficiency shall be 45% minimum. The average
efficiency is defined as the sum of the efficiencies obtained at the

eleven test points divided by eleven.

3.5 Starting Time Jitter

The starting time jitter shall te measured by observing the
pPulse to rulse variation of starting time references to the RF input
pulse. The leading edge of the envelope of the RF output pulse will be
displayed on an oscilloscope which has the time base triggered by the
envelope of the RF input pulse. The time base shall be 10 nanoseconds
per centimeter. The starcing jitter shall not exceed 10 nanoseconds
as observed during any 1 second interval. This measurement shall be
made with rated power output at a frequency of 5.9 GHz. The measure-

ment data shall be recorded on the ATDS.
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3.6 Phase Linearity

3.6.1

3.6.:

Y]

The phase linearity shall be measured using the method described
in Section 4.3. The measurements shall be made in 0.05 GHz
increments from 5.4 GHz to 5.9 GHz with the amplifier operating
at rated conditions. The deviation from linearity is defined

as the departure from a straight line drawn through the eleven
measurement points. The maximum peak to peak deviation shall
not exceed TBS degrees.

At the frequencies of 5.4 GHz, 5.65 GHz, and 5.9 GHz a calibrated
VSWR shall be interposed between the CFA and the load. The
calibrated VSWR shall be the equivalent of a 2.5:1 mismatch as
seen through a circulator having at least 20 db isolation between
input and output. The circulator input VSWR shall not exceed
1.25:1 when the output is terminated with a mtached load. The
phase of the calibrated VSWR shall be adjusted to vbtain minimum
RF output power at rated s/oltage at each of the three frequencies
The deviation from the straight line drawn through the three
points shall not exceed plus or minus TBS degrees.

3.7 Spurious Power Output

The spurious power output shall be measured by the method

shown in Section 4.L.

3.7.1

3.7.2

3.8

The spurious power output with the beam on shall be at least

35 db below the signal amplitude when both signal and noise are
measured using a 3 MHz bandwidth filter. Spurious power output
shall be checked from 5.3 GHz to 6.0 GHz excluding a band plus
or minus 10 MHz around the center of the signal spectrum. The
measurements shall be made at 5.4 GHz, 5.65 GHz, and 5.9 GHz
and recorded on the ATDS.

The spurious power output with the beam off will be measured
using the method described in Section 4.5. This test shall be
conducted only after completion of all tests mentioned above.
The spurious power output with the beam off shall not exceed
-104 dbm/MHz over the operating band between 5.4 GHz and

5.9 GHz.

Phase Tracking

The phase tracking characteristics shall be measured using

the method described in Section 4.3 and compared with a suitable standard.
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4.0 MEASUREMENT TECHNIQUES FOR ACCEPTANCE TEST PROCFDIURES

All electrical test equipment pertinent to the measurements
indicated below are calibrated in the S-F-D laboratories' Calibration

Control Program.

4.1 Tube Operating Parameters

L.1.1 vVoltage

The volrage will be measured with a Sensitive Research Instru-
ment Co. electrostatic voltmeter, Model Eshpot.

4.1.2 Average Current

The average current will be measured with a Weston dc milliammeter,
Model 1761, or equivalent.

4.1.3 Frequency

The frequency will be measured with a Hewlett-Packard frequency
meter, Model J532A.

L.1.4 Duty Cycle

The duty cycle will be measured using a Tektronix oscilloscope,
Model 543A with a type CA plug in unit,

4.1.5 RF Power

The RF power will be measured with a calorimeter (as explained

under Section 4.1.6, Power Output) and/or by a Hewlett-Pe-kard
microwave power meter, Model 430C, in conjunction with calibrated

directional couplers.

4.1.6 Power Output

The power output of the tube will be measured on an average power
basis using a water load and calorimeter, as shown in Figure 1.
The VSWR of the water load will be measured across the frequency
band and shall be less than 1.10:1.

The calorimeter flow rate is adjustable up to at least 2000 cc/min
and the thermometers are marked in divisions of 0.1°, yielding

6L
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FIGURE 1

A

Modified SFD-313 magnetron

Bogart C-band water load

TEST SET FOR MEASURING POWER OUTPUT
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a resolution of about 0.05°. (At a 1000 cc/min flow rate, a
0.1° temperature difference corresponds to less than 7 watts

of average power. Thus at the rated average power, the resolu-
tion error is less than 0.1%.)

The calorimeter will be calibrated using a substitution method.
A water-cooled resistance will be placed in series with the
water load. With the flow rate at 1000 cc/hin and the inlet
water set at a reference temperature, a known amount of (60 Hz)
power will be applied to the resistance. (This power will be
measured using a standard calibrated.wattmeter.) The power will
then be calculated from the temperature rise of the thermometer
and a calibration curve for the calorimeter will be made. All
measurements are made when the system reaches equilibrium condi-
tions (approximately 3 minutes after making any change).

An accuracy of plus or minus 3% is anticipated.

4.2 Phase Measurements

The technique to be used is a modified version of a null detec-
tion method as shown in schematic form in Figure 2,

The length of the input arm of the phase bridge is adjusted
30 that the rate of change of phase with frequency of the output arm
is adjusted with the amplifier operating at approximately mid-band.

The total linear change in phase with the amplifier operating should
not exceed 50° when the amplifier is tuned across the operating band
of frequencies.

The measurement to be made is the phase deviation from a
straight line so that the measurement begins by balancing the bridge
using the precision attenuator (H) and the phase shifter (G) to obtain
& deep null as viewed on the oscilloscope (F). This initial balancing
may be started at either end of the operating band with the amplifier
operating. The measurement proceeds by tuning the frequency across
the operating band in approximately ten steps. At each step, the phase
shifter (G) is adjusted to bring the display to a null on the oscillo-
scope (F). The amount of phase change is read directly from the phase
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Modified SFD-313 magnetron

Narda Model 1083 directicnal coupler

Hewlett Packard attermatcr Model J372D

Bogart C-band water load

Hybrid T

Tektronix plug in amplifier

Hewlett Packard phase shifter Model J885A
Hewlett Packard precision attenuator Model J382A

FIGURE 2 PHASE MEASUREMENT TEST SET
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shifter (G). The precision attenuator need not be changed after the
initial adfustment since the amplitude of the signal in both arms will
remain essentially constant. The eleven points so obtained are plotted
as a change of phase as a function of frequency, and a straight line

is drawn through the points. The deviation from linearity is measured
as the distance between the line and the recorded point,

The components of the phase bridge are especially selected
for this type of measurement (high directivity directional couplers,
low VSWR attenuators, etc.) so that measurement errors (particularly
errors due to reflections from system components) will not be a major

problem. The system should have a plus or minus 1° accuracy.

4.3 Noise Measurements

The block diagram of the noise measurement test set is shown
in Figure 3. In this set up, a portion of the amplifier signal is mixed
with a local oscillator to obtain a 30 MHz output. The local oscillator
is a linearly swept backward wave oscillator (BWO) whose frequency range
is 4 GHz to 8 GHz. The output of the mixer is fed through a 3 MHz band
pass filter centered at 30 MHz. This signal is fed through an IF strip.
The output is displayed on an oscilloscope. By using a calibrated
attenuator in the IF strip, the power output at any frequency can be
compared to the power output at the signal frequency. An accuracy of
plus or minus 1 db is expected.

To measure the noise with the beam off, the system is cali-
brated against a calibrated noise source. The output of the CFA with
the specified voltage applied 1is mixed with the swept local oscillator

and compared with the noise obtained from the calibrated source.

4.4 Interpulse Noise Measurement

The block diagram of the interpluse noise measurement set is

shown in Figure 4.
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PIGURE 4  INTERPULSE NOISE MEASUREMENT TEST SET
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This measurement is to be made by running hot water through
the CFA coolant channels so that the temperature of the CFA can be
raised to somw value above the ambient temperature. The RF input pourt
to the CFA is to be terminated in a matched load and a dc voltage is
applied to the cathode. The RF output port is coupled to a balanced
mixer. A calibrated noise source is provided to calibrate the entire
noise detection system. The interpulse noise output of the CFA {s
then compared against the calibrated source across the operating fre-

quency band.
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SFD-237 PERFORMANCE SPECIFICATIONS

Center frequency

Instantaneous bandwidth

Peak power output

Average power output

Gain

Cathode voltage

Control electrode mu

Efficiency
Minimum

Average

Phase linearity

Phase tracking

Pulse width

5.65 GHz

Min: 2 db ] 500 MHz (with con-
Target: 1 db stant voltage and
Goal: 0.25 db I constant drive

Min: 700 kw
Target: 1 Mw
Goal: 2 Mw
Min: T kw
Target: 10 kw
Goal: 20 kw
Min: 10 db
Target: 13 db
Goal: 15 db

-25 kv ma ximum

3 minimum

Lo

Min: Us5%
Target: 50%
Goal: 55%

plus or minus 2.5 degrees maximum
from linear across the 500 MHz band-
width (objective)

plus or minus 5.0 degrees ma ximum
across the 500 MHz bandwidth between
any two of any number of ampiifiers
operated in parallel under identical
dc and frequency conditions (objective)

Shall be capable of the fcllowing:

Min: 20 usec
Target: 50 usec
Goal: 60 usec
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Load VSWR capability When operated with a circulator, a
mismatch of up to 2.5:1 at any phase
angle shall not alter any other para-
meter outside of the specification
limit

Starting time jitter Shall not exceed 10 nanoseconds, with
5 nanoseconds as an objective

Noise -104 dbm/MHz maximum contributed by
the tube during the interpulse period
and -35 db during the pulse (3 MHz
integrated)

Cooling Water cooling shall be employed with
one input and one output connection
to the package at ground potential

Magnetic field Permanent mag nets shall be employed

Package Maximum transverse dimension is 9 inches.
Package shall be magnetically shielded

Demonstration The contractor shall demonstrate at
the contractor's plant, that the tube(s)
operate in accordance with the speci-
fication stated herein. The demon-
stration shall be conducted in
accordance with the approved test
procedures.
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